In the present study, the complete cycle of the preconsumer waste transition by black soldier fly larvae (bsFl) into sustainable raw material (dietary fat) for broiler chickens was examined. in two individual experiments, the effects of selected rearing medium made from various preconsumer wastes on the nutritive value and performance of bsFl were tested (1st trial). in the second experiment, partial (25, 50, or 75%) or total replacement of soybean oil fed to broiler chickens by bsFl fat obtained via supercritical co 2 extraction from larvae from the 1st experiment was conducted. in the performance trial on birds, nutrient digestibility, selected gastrointestinal tract (GIT) segments, internal organ traits, and welfare status were also measured. In the first trial, 1-day-old bsFl were allotted to 5 treatments (8 replicates each). the following substrates were tested, i.e., wheat bran, carrots, cabbage, potatoes, and a mixture of the previously mentioned organic food wastes (equal ratio of each). in the second experiment, a total of 960 day-old female ross 308 chicks were randomly assigned to 5 dietary treatments (16 replicates and 12 birds per
replicate). the following groups were applied: so -100% soybean oil, hi25 -a mixture containing 25% bsFl fat and 75% so, hi50 -addition of bsFl and so in a 50:50 ratio, hi75a mixture containing 75% bsFl fat and 25% so, and hi100 -100% bsFl fat. the results of the present study showed high variability in the chemical composition of insects among groups (410 vs. 550 g kg -1 cp; 60 vs. 170 g kg -1 EE), as well as a significant influence of rearing substrate composition on bsFl performance, i.e., the average mass of 100 randomly chosen larvae (p<0.001), waste reduction rate (p<0.001), and conversion rate (p=0.008). moreover, the partial or total replacement of SO by BSFL fat did not affect (P>0.05) the growth performance, coefficients of apparent ileal digestibility of nutrients, selected organ weights and length, or the welfare status of the broilers. in conclusion, it is possible to obtain an environmentally friendly, sustainable energy source from bsFl biomass and implement it in broiler diets without a negative effect on the birds' production. key words: Hermetia illucens, black soldier fly, organic wastes, soybean oil, broiler chickens Black soldier fly larvae (Diptera: Stratiomyidae, Hermetia illucens L. 1758; BSFL) are the most examined insect species used for organic waste management (Czekała, 2017; Mutafela et al., 2018) , biofuel production (Nguyen et al., 2018 b) , entomoremediation of polluted materials (Bulak et al., 2018) , or even measurement of a human postmortem interval (Martínez-Sánchez et al., 2011) . Furthermore, BSFL biomass is considered a novel ingredient in poultry (Józefiak et al., 2016) , swine (Spranghers et al., 2018) , rabbit (Dalle Zotte et al., 2018) , fish (Nogales-Mérida et al., 2018) , shrimp (Sánchez-Muros et al., 2018) , and pet (Kierończyk et al., 2018 a) nutrition as a result of the high protein and fat content. Furthermore, the European Food Safety Authority (EFSA) claimed that BSFL is one of the most promising species that has potential as a food and feed (EFSA, 2015) . Nevertheless, the European Parliament does not allow insects to be used for livestock production (Regulation (EC) No1069/2009), because insect meals are classified as processed animal protein (PAP). Additionally, PAP is forbidden for use in animal nutrition according to EU regulation (no. 999/2001), except for hydrolyzed proteins (Józefiak et al., 2016) . Only in aquaculture and pet food production are invertebrates, including BSFL, permitted as a replacement, mainly fish meal, in pursuance of EU legislation (no. 2017/893). Currently, there are no legal recommendations regarding the use of insects' dietary fat in animal diets. In the available literature, limited data are shown in terms of fat extracted from H. illucens, which may be considered a novel energy source in fish, rabbit, and poultry nutrition (Li et al., 2016; Martins et al, 2018; Schiavone et al., 2017) . These promising results have shown no negative effect on the growth performance, feed efficiency, carcass traits, GIT measurements, or nutrient deposition in fillets. In general, the quality of insects' fat is categorized between vegetable oil and animal fat origin products due to their fatty acid composition (Sosa and Fogliano, 2017) . The range of fat content in BSFL biomass varies between 12% and 38.6% of dry matter (DM) (De Marco et al., 2015; Spranghers et al., 2017) . It should be mentioned that the lipid content is dependent on the insect development stage, and the chemical composition of the rearing substrate (Józefiak et al., 2016) . Moreover, BSFL fat has largely been used for biodiesel production (Manzano-Agugliaro et al., 2012) . However, Schiavone et al. (2017) successfully used BSFL fat in broiler diets. The substitution (50% or 100%) of soybean oil by BSFL fat resulted in no significant effect on the growth and postslaughter performance of the broilers.
However, there is no information about the technique of fat extraction, which is crucial to obtaining pure oil without any contamination of animal origin (3rd category materials). Currently, only a few extraction methods have been used to obtain fat from various species of insects, i.e., cold, aqueous, Soxhlet and Fohl extractions, as well as mechanical pressing with different yields and qualities of the final product (Kroeckel et al., 2012) . Purschke et al. (2017 a) suggest CO 2 supercritical extraction as an efficient defatting method for Tenebrio molitor meal. Kierończyk et al. (2018 b) confirmed the positive effect of the abovementioned technique on fat extraction from Tenebrionidae, i.e, T. molitor, as well as Zophobas morio. Moreover, there is still a lack of data in terms of partial (25%, 50%, and 75%) or total replacement of soybean oil by BSFL fat obtained using supercritical extraction with CO 2 and their effect on broiler chicken performance.
In terms of a circular economy, i.e., reduce, reuse, recycle, and renewable (4R), the EU Parliament (Directive no. 2008/98) indicates a priority to manage, reduce or improve the efficient resource use of wastes. Other regulations (Directive 94/62/EC) highlighted the necessity of the reduction of biodegradable waste going to landfills. Therefore, the current study was designed as two separate experiments on BSFL and broiler chickens to examine the complete cycle of preconsumer waste transition (according to the 4R strategy) by BSFL into sustainable raw material (fat) for broiler chickens. In the first trial on BSFL, selected rearing medium made from various preconsumer wastes on the nutritive value and performance of BSFL was examined. In the second experiment, the aim was to replace soybean oil with BSFL fat obtained by supercritical CO 2 from the larvae reared in the first trial.
material and methods
According to Polish law and the EU directive (no 2010/63/EU) the experiments conducted within the study do not require approval of the Local Ethical Committee for Experiments on Animals in Poznań.
insects' experiment 1-day-old BSFL were purchased from commercial sources (HiProMine S.A, Poland) and allotted to 5 treatments with 8 replicates each (random block). The following substrates were tested for their effects on the growth performance and chemical composition of insects: wheat bran, carrots, cabbage, potatoes, and a mixture of the abovementioned organic food wastes (an equal ratio of each). During the trial, the average weight of 100 randomly chosen larvae (AvW, g) on days 1, 7, and 13 was measured. In addition, the waste reduction rate (WRR, %), conversion rate (CR, %), efficiency of conversion of digested food (ECD, g/g), and frass residue mass (g) were determined. Each treatment was normalized in terms of dry matter (DM) content and established at the level of 25% using water (wheat bran group) or wheat bran (the rest of the treatments) to ensure the optimal moisture conditions for growth. Fresh vegetable waste was ground (1400 rpm/5 min; PSP-500, Redfox, Poland) and offered ad libitum to insects. Substrates were not contaminated by animal products in accordance with EC regulation (no 1069/09). Larvae were randomly placed into plastic boxes with dimensions of 28 × 20 × 12 cm. At the beginning of the experiment, 100 g (fresh matter) of each substrate was given to larvae and successively added as needed during the whole experimental period. Containers were located in a random block design under controlled temperature and humidity conditions, which were established as follows: 28ºC and 70%. The experiment lasted 13 days until the first prepupae had appeared, and then the larvae were harvested by sieving the substrate and using tweezers. All collected larvae were washed and dried with paper towels to remove the substrate residue and frozen at -80ºC for further chemical analyses. Samples of each substrate were collected as well. The following parameters were analyzed: DM, crude protein (CP), ether extract (EE), crude ash (CA), crude fiber (CF), and the fatty acid profile of insects' fat. The nutritive value of selected organic waste substrates is presented in Table 1 . 
insect fat composition
The two oils (SO and HI) were obtained from commercial sources (Piast Pasze Sp. z o.o., Poland, and HiProMine S.A, Poland, respectively). The fatty acid composition of these fats is presented in Table 2 . H. illucens larvae oil was obtained using supercritical CO 2 extraction according to Jackowski et al. (2015) from insects fed a mixture of vegetable preconsumer wastes. Before extraction, the material was air-dried in an oven (SLN 240, POL-EKO Aparatura, Poland) for 24 h at 50°C. The following parameters were used for the extraction: pressure -300 bar, temperature -40°C. For extract collection, a two-separator system was used. The CO 2 flow was adjusted to 110.4 kg/h. Commercial CO 2 (99% purity, Zakłady Azotowe, Puławy, Poland) was used for the extraction.
broiler diets
The composition of the broiler basal diet is shown in Table 3 . Birds had ad libitum access to water and feed for 35 days. For each feeding period, all diets were calculated to meet the nutrient requirements recommended by the NRC (1994) for broiler chickens. The composition of the basal diet was designed according to Tancharoenrat et al. (2013) and was formulated on the basis of maize and soybean meal. The diets were prepared in mash form; all of the raw materials were ground by a disc mill (Skiold A/S, Denmark) at a 2.5 mm disc distance and mixed without heat treatment. The feed was produced in the Piast Pasze feed mill (Lewkowiec, Poland) according to ISO 9001:2008 procedures. The feed was prepared on a laboratoryscale line equipped with a horizontal double band mixer (Zuptor, Gostyń, Poland) with roller mills (Skiold, Saeby, Denmark). Starter diets were offered to all birds from 1 to 14 d of age, and grower-finisher diets were offered from 15 to 35 d of age. In the last 5 d (30-35 d) of the experiment, 0.2% maize was replaced by TiO 2 as an internal marker for the calculation of nutrient digestibility. No exogenous enzymes, such as carbohydrases, proteases, and phytases, were used in the study. Additionally, no ionophore coccidiostat was used in the feed. The following treatments were applied: SO -100% soybean oil, HI25 -a mixture containing 25% BSFL fat and 75% SO, HI50 -a mixture of BSFL and soybean oils in a 50:50 ratio, HI75 -a mixture containing 75% BSFL fat and 25% SO, and HI100 -100% BSFL fat. n-3 7.2 5.2 1.3 5.7 1.7 7.4 0.8 6.9 0.9 6.9 0.9 SFAs -saturated fatty acids; 4 UFAs -unsaturated fatty acids; 5 MUFAs -monounsaturated fatty acids; 6 PUFAs -polyunsaturated fatty acids; 7 MCFAs -medium-chain fatty acids. 
birds and housing
A total of 960 day-old female Ross 308 chicks obtained from a commercial hatchery were randomly assigned (random block) to 5 dietary treatments. Each treatment had 16 replicates and 12 birds per replicate. The birds were kept in 80 floor pens (1 m × 1 m) over 35 d, with fresh straw used as litter. The density of the stock was established at 12 birds/m 2 , i.e., 12 birds per replicate (for 35 d). To simulate commercial production conditions, the experimental pens were surrounded by a commercial broiler flock of 9,000 birds of the same origin as those used in the experiments. The building was equipped with artificial, programmable lights, automatic electric heating and forced ventilation. The temperature inside the building was 32-33ºC at the beginning of the test and was reduced by 2-3ºC each week. On the 28th day, the temperature was set at 21ºC and was approximately 18ºC at the end of the test.
data and sample collection
In the broiler chicken trial, the following variables were determined on days 14, 21, 28 and 35: body weight gain (BWG), feed intake (FI) and feed conversion ratio (FCR). At day 35, two randomly chosen chicks from each replicate (32 birds per treatment) were sacrificed by cervical dislocation after electrical stunning to collect selected organs, as well as ileal digesta to determine coefficients of nutrient digestibility and apparent metabolizable energy. The digesta was gently squeezed from 32 individual birds and pooled for 4 birds (8 replicates per treatment), mixed directly in containers, and stored on dry ice for further lyophilization and chemical analyses. Furthermore, the selected immune organ weight in relation to body weight (BW) (% BW), i.e., the spleen and bursa of Fabricius, as well as the weight relative to BW of selected gastrointestinal tract organs, i.e., the duodenum, jejunum, ileum, and caeca, and their lengths in relation to BW (cm/kg BW), were measured. Additionally, the mass of internal organs, i.e., the heart, liver, pancreas, proventriculus and gizzard, was also obtained. The jejunum was considered to begin at the duodenum and end at Meckel's diverticulum. The ileum was defined as the small intestinal segment caudal to Meckel's diverticulum. After dissection, the abovementioned organs were rinsed in sterile water, drained, weighed using a PS 600/C/2 laboratory scale (Radwag, Radom, Poland) and then measured. Additionally, at the end of the experiment (35 d), 32 randomly chosen birds from each group were subjected to 5-point footpad dermatitis (FPD) scoring according to the method described by Kapell et al. (2017) . Concisely, footpads without any lesions were classified as 0, those with lesions sized less than 25% of the plantar surface were scored as 1, those with lesions up to 50% of the plantar surface were categorized as 2, lesions occupying 75% of the surface were scored as 3, and severe lesions where more than 75% of the plantar surface was affected, were scored as 4.
chemical analyses
The DM, CP, EE, CA and CF content of selected samples were determined according to AOAC (2005) using the 934. 01, 976.05, 920.39, 942.05, and 2002 .04 methods, respectively. The DM content was measured using an ED-56 air dryer (Binder 9010-0333, Tuttlingen, Germany); CP concentration was determined by a Kjel-Foss Automatic 16210 (A/S N. Foss Electric, Denmark); EE was determined by a Soxtec System HT-1043 extraction unit (Foss Tecator, Denmark); CA was determined using a muffle furnace (LM Linn Electro Therm, Eschenfelden, Germany); and CF was determined by Fibertec 1020 (Foss apparatus, Denmark). For TiO 2 analysis, the samples were prepared in accordance with Myers et al. (2004) , and the concentration was estimated using the procedure described by Short et al. (1996) . Gross energy (GE) was determined using an adiabatic bomb calorimeter (KL 12 Mn, Precyzja-Bit PPHU, Poland) standardized with benzoic acid.
calculations Productivity of BSFL, i.e., the WRR, CR, and ECD, was calculated according to Diener et al. (2009) . The selected variable was evaluated using the following formula:
where S is the total quantity of substrate provided and R is the residue left after bioconversion (nondigested substrate + excretion products);
where Wf is the final biomass, WI0 is the weight of larvae at the beginning of the trial, and S is the total quantity of the substrate provided;
where B is the assimilated feed (prepupal biomass), I is the total feed offered to larvae, and F is the residue.
The coefficients of ileal digestibility of CP and EE in broilers were calculated relative to the ratio of TiO 2 (dietary marker) to determine the nutrient content in feed or digesta according to Kaczmarek et al. (2016) . The following equation was used (crude protein digestibility calculation as an example):
The AME N of experimental diets was calculated using the equation described below and was corrected to a zero nitrogen balance using 8.22 kcal/g N retained (Hill and Anderson, 1958) .
statistical analysis
The experiments had a completely randomized design. In the first trial, the experimental unit was the box (n=8). In the second trial, the unit was defined as an
individual pen (n=16) in the case of growth performance results; for the analyses of the coefficients of ileal digestibility of CP, EE, and AME N, the pooled samples of digesta were defined as a unit (n=8); additionally, in the case of organ weight and length, as well as FPD, the individual bird was claimed as a unit (n=32). All data were preliminarily tested for normal distribution using the Kolmogorow-Smirnov test. An analysis of variance was conducted using Bartlett's test. The analyses were performed using SAS software (SAS Institute Inc., Cary, NC, USA). The significance of the differences among groups was determined with Duncan's multiple range test at the significance level of P<0.05. In both experiments, the following general model was used:
where: Y i is the observed dependent variable, μ is the overall mean, α i is the effect of selected medium for larvae rearing (exp. 1) or dietary fat source (exp. 2), δ ij is the random error.
results

Chemical composition of black soldier fly larvae
The nutritive value of BSFL varied among treatments (Table 4) . Differences were observed in the case of EE concentration, which remained in the range from 64.0 g kg -1 (wheat bran) to 173.5 g kg -1 (carrots). However, the CP level differed between groups by more than 130.0 g kg -1 (552.3 g kg -1 vs. 414.5 g kg -1 ). Overall, the ash content of the BSFL biomass was high (with an average value equal to 82.9 g kg -1 ), with the highest and lowest levels exhibited by the wheat bran (91.6 g kg -1 ) and the potato groups (73.2 g kg -1 ), respectively. Wheat bran as a rearing medium for BSFL caused and increased level of CF, contrary to that of BSFL reared with potatoes. 
Black soldier fly larvae performance
The results of the selected BSFL production parameters are shown in Table 5 . The lowest AvW of larvae growth at both 7 and 13 d of age was observed in the group with wheat bran used as a substrate (P<0.001). In contrast, the highest biomass (at 7 and 13 d) was observed in the group fed the vegetable mixture. No significant differences between treatments, i.e., carrots, cabbage, or the mixture were observed in terms of AvW (at 7 d of larvae age). The use of cabbage as a rearing medium increased (P<0.001) WRR levels, contrary to wheat bran and potatoes, which were characterized by a decreased worst reduction rate. Additionally, both cabbage, and a mixture of vegetable wastes improved (P=0.008) CR levels, while this parameter decreased in other groups. In terms of ECD, there were no statistically significant differences among treatments (P=0.166). The highest amount of residue at the end of the experiment was observed in the group fed potatoes, contrary to the carrot and cabbage treatments, where the mass of frass was the lowest (P<0.001). a, b -means within a column with no common letters differ significantly (P<0.05). 1 RMSE -root-mean-square error; 2 AvW -the average weight of 100 randomly chosen BSFL; 3 WRR -waste reduction rate; 4 CR -conversion rate; 5 ECD -efficiency of digested feed; the mean represents 8 experimental boxes.
Fatty acid profile of black soldier fly larvae fat
The fatty acid profiles of the investigated fat sources are summarized in Table  2 . The fat extracted from BSFL was characterized by the highest value of saturated fatty acids (SFAs) in comparison to that of SO. The concentration of unsaturated fatty acids (UFAs), including mono-(MUFAs), and polyunsaturated fatty acids (PU-FAs) determined in BSFL fat was lower in comparison to those of the SO fatty acid profile. The dominant fatty acids for both SO and BSFL fat were C16:0 (palmitic acid), C18:0 (stearic acid), C18:1 c9 (oleic acid), and C18:2 (linoleic acid). However, the BSFL fat was also characterized by a high level of C12:0 (lauric acid). Low omega-6 and omega-3 acid contents in the insect fat were observed; however, the ratio between n-6 and n-3 was comparable between the evaluated fat sources. Only in the case of BSFL reared using wheat bran was its fat characterized by a high n-6 to n-3 ratio. Moreover, a low ratio between PUFAs and SFAs was observed in BSFL fat.
broiler chicken growth performance
The growth performance results of broilers are shown in Table 6 . In the case of BWG in each treatment and period, no significant differences were noted (P>0.05). A decreased FI was observed only in the first two weeks of age (1-14 d) in birds fed with soybean oil replaced by BSFL fat diets in comparison to that of the SO control group (P<0.001). The lowest FI was observed in the HI100 treatment, and the partial inclusion of BSFL fat did not affect the FI between experimental groups. However, in the case of the whole trial period (1-35 d) , there were no significant changes in FI. The FCR value was altered (P=0.031) by BSFL fat implementation in the first 14 d, as well. The relatively high levels of BSFL fat in broiler chicken diets, i.e., 75% and 100%, resulted in a decrease of FCR compared to that of the control group (SO). However, no effect of BSFL fat inclusion on the FCR value in the whole experimental period was observed (P=0.748). 1 SO -100% of soybean oil; 2 HI25 -a mixture containing 25% BSFL fat and 75% SO; 3 HI50 -a mixture of BSFL fat and soybean oil in a 50:50 ratio; 4 HI75 -a mixture containing 75% BSFL fat and 25% SO; 5 HI100 -100% BSFL fat; 6 SEM -standard error of the mean; 7 BWG -body weight gain; 8 FI -feed intake; 9 FCR -feed conversion ratio; 10 FPD score -5-point footpad dermatitis score; means represent 16 pens of 12 birds each (BWG, FI, FCR), or 32 individual birds (FPD).
No significant differences (P=0.695) were noticed in the case of pododermatitis measurements, i.e., the FPD score as a welfare status.
broiler chicken ileal nutrient digestibility
The effect of SO replacement with BSFL fat on the coefficients of apparent ileal digestibility of CP, EE, and AME N of broilers is presented in Table 7 . No significant differences between groups were observed for the CP, EE, or AME N digestibility coefficients at the end of the trial (35 d) (P>0.05). Table 7 . The effect of insect fat on the apparent ileal digestibility of crude protein, and the ether extract and apparent metabolizable energy corrected to a zero nitrogen balance AME N of broiler chickens (35 d 1 SO -100% soybean oil; 2 HI25 -a mixture containing 25% BSFL fat and 75% SO; 3 HI50 -a mixture of BSFL fat and soybean oil in a 50:50 ratio; 4 HI75 -a mixture containing 75% BSFL fat and 25% SO; 5 HI100 -100% BSFL fat; 6 SEM -standard error of the mean; 7 EE -ether extract; 8 CP -crude protein; 9 apparent metabolizable energy corrected to a zero nitrogen balance; means represent 32 birds in 8 pooled replicates.
weights and lengths of selected organs
The selected GIT and internal organ weights are represented in Table 8 . Only in the case of the jejunum (P<0.001) and ileum (P<0.001) did the BSFL fat addition significantly decrease their weights in relation to those of the control group. Simultaneously, no significant differences among the treatments were recorded with respect to the lengths of selected GIT segments (Table 9 ). a, b -means within a column with no common letters differ significantly (P<0.05). 1 SO -100% soybean oil; 2 HI25 -a mixture containing 25% BSFL fat and 75% SO; 3 HI50 -a mixture of BSFL fat and soybean oils in a 50:50 ratio; 4 HI75 -a mixture containing 75% BSFL fat and 25% SO; 5 HI100 -100% BSFL fat; 6 SEM -standard error of the mean; means represent 16 pens of 2 birds each (n=32). 1 SO -100% soybean oil; 2 HI25 -a mixture containing 25% BSFL fat and 75% SO; 3 HI50 -a mixture of BSFL fat and soybean oils in a 50:50 ratio; 4 HI75 -a mixture containing 75% BSFL fat and 25% SO; 5 HI100 -100% BSFL fat; 6 SEM -standard error of the mean; means represent 16 pens of 2 birds each (n=32).
discussion
The chemical composition of insects considerably varies among species, as well as among the larvae development stage, e.g., fat content may range from 20% to 70% (Coleoptera: Rhynchophorus phoenicis, larvae) or from 5% to 14% (Lepidoptera: Cirina forda, larvae) (Rumpold and Schlüter, 2013) . Therefore, for nutritional purposes, insects' fat was extracted from a limited number of species, i.e., H. illucens (Schiavone et al., 2017) , T. molitor (Purschke et al., 2017 a) , Z. morio (Kierończyk et al., 2018 b) , and Bombyx mori (Mentang et al., 2011) . These studies focused on the insect species which is characterized by a high extracted fat yield, as well as their rearing large scale system is well elaborated. The impact of the production medium on fat content is well documented (Alifian et al., 2019; Dreassi et al., 2016; Jucker et al., 2017) . The wide range of various organic waste products, e.g., rice straw, vegetables (a mixture of carrots, peas, salsify and celery), digestate from biogas fermentation, restaurant waste, a mixture of a middlings (cereals), dried distillers' grains with solubles (barley, corn, wheat and sugar syrup), and dried sugar beet pulp. were examined (Manurung et al., 2016; Spranghers et al., 2017; Tschirner and Simon, 2015) . Additionally, poultry, swine, and cattle manure, and municipal wastes have been used as substrates for insects growth with positive environmental effects; however, EU regulations (no 1069/20097) state that the usage of these substrates as feed for insects intended for livestock nutrition is forbidden (EFSA, 2015; Newton et al., 2005) . In the present study, the selection of various rearing media was connected to the Polish agricultural market, which produces significant amounts of potatoes, carrots, and cabbage. In 2017, Poland produced 9 million tonnes of potatoes (3rd place in the EU after Germany and France) and more than 0.8 million tonnes of carrots (2nd producer in the EU after the United Kingdom) (Eurostat, 2018); additionally, Poland is the leader producer of white cabbage in the EU, producing 1.2 million tonnes in 2017 (Kosson et al., 2017) . The presented results confirmed the variability of the nutritive value of BSFL larvae, especially in the case of CP and EE content. The highest level of EE was determined in BSFL that were fed carrots, while the CP level was highest in those fed with wheat bran. In the available literature, the highest EE content of BSFL was obtained at 35% (Newton et al., 2005) or even 40% (Meneguz et al., 2018) . For the abovementioned reason, the composition of the rearing medium should be precisely balanced; otherwise, the addition of wheat bran, which is commonly used in insect nutrition, may decrease the EE concentration to 64.0 g kg -1 (DM). It should be stated that a substrate containing a high fiber value may cause malnutrition, which induced the usage of fat reserves in the larval body (Tschirner and Simon, 2015) . Furthermore, the CP content (nitrogen-to-protein conversion factor, N-factor = 6.25) in BSFL varied in the scientific literature. The use of wheat bran as an exclusive diet in the present study resulted in 550 g kg -1 of CP (DM) in the BSFL biomass content. However, the CP concentration mostly ranges from 310 to 590 g kg -1 (DM) (De Marco et al., 2015; Jayaprakash et al., 2016; Józefiak et al., 2018; Kroeckel et al., 2012; Makkar et al., 2014; Nogales-Mérida et al., 2018) . In general, fruit waste contributes to obtaining a low CP content in BSFL, in contrast to those reared with brewery byproducts (Meneguz et al., 2018) or organic waste streams of food designated for human consumption (Lock et al., 2016) . However, it should be highlighted that during comparison of CP content, the N-factor, i.e., 6.25 or 4.67, as well as the form of the BSFL, i.e., meal or defatted meal should be taken into consideration. The CA concentration in BSFL was high, and in the present study it ranged from 73.2 to 91.6 g kg -1 (DM). Fruit (30 g kg -1 ) and restaurant wastes (27 g kg -1 ) reduce CA content in comparison to winery byproducts (103 g kg -1 ) and digestate from biogas fermentation (197 g kg -1 ), which increase its value (Meneguz et al., 2018; Spranghers et al., 2017) . However, the results of Spranghers et al. (2017) were in agreement with the present study in that a mixture of vegetable wastes may achieve approximately 96 g kg -1 CA (DM). Interestingly, the CA content in BSFL could be much higher and reach up to 280 g kg -1 , where Ca and P are the dominant elements (Makkar et al., 2014) . The CF content in the present study was higher than that mentioned by Makkar et al. (2014) , i.e., 70 g kg -1 . It should be emphasized that from a practical point of view, only the mixture of vegetable waste was used in insect rearing; however, the possibility of eliminating some products should be evaluated to improve the final product, i.e., the invertebrate biomass nutritive value.
Furthermore, it is well documented that the composition of insect diets affects their production traits (Danieli et al., 2019; Rehman et al., 2017 Rehman et al., , 2019 . Additionally, the levels of nutritional factors may cause significant differences in, e.g., the ECD value (Manurung et al., 2016) . It should be highlighted that in the present study, no polluted materials were used, which could negatively influence the performance results (Purschke et al., 2017 b) . The development time is also dependent on the diet and is crucial for profitability of the production. As Manurung et al. (2016) highlighted, the usage of rice stalk in various feeding rates may reduce the production time from 54 d to 38 d. In comparison to the present study, where the first prepupae appeared at d 13 (in the cabbage group), the reported production time of 38 d was much longer; however, it should be emphasized that the high concentration of lignin and cellulose in rice straw caused a reduced mass of larvae and prolonged their development in comparison to a mixture of rice straw with high energetic material, i.e., glucose and xylose (Li et al., 2015) . In general, the development of larvae fed vegetables or chicken feed lasted from 12 to 15 d, which is consistent with the authors' experience (Spranghers et al., 2017) . In the available literature, only a mixture of organic wastes is examined as a rearing substrate for insect production, which makes individual ingredient comparison impossible at the moment. However, in general, the high concentrate feed in the case of nonfiber carbohydrates (NFC) caused BSFL body mass improvement, e.g., the digestate that contained the lowest value of NFC negatively altered the insect yield, in comparison to that of other groups (restaurant waste, chicken feed, and vegetables) (Spranghers et al., 2017) . Diener et al. (2009) and Tschirner and Simon (2015) confirmed that substrates rich in carbohydrates and proteins may be converted efficiently by BSFL and consequently resulted in a high larvae weight, which is consistent with the current study, where the lowest AvW was observed in the wheat bran group. Simultaneously, contrary to Ziegler (2003) , who claimed that the energy supply from proteins in insects is at a similar level to that of carbohydrates, the highest value of CP in wheat bran did not support the growth of BSFL. It could be concluded that not only the protein level but also the amino acids composition should be considered. It is well documented that potatoes contain antinutritive substances belonging to glycoalkaloids, i.e., α-solanine and α-chaconine, and exhibiting toxic activities. These substances may have insecticidal properties against pests, e.g, Empoasca fabae, Choristoneura fumiferana, and Trogoderma granarium (Bentley et al., 1984; Nenaah, 2011; Sanford et al., 1996) . In the present study, a negative effect of potato substrate on BSFL was observed in the case of AvW (7 d of age); CR and WRR were also affected in comparison to those of larvae fed carrots, cabbage, and a mixture of organic waste. The value of WRR is strictly dependent on frass production. In the present study, the highest amount of residue was produced in the potato group, which was fed to BSFL as a raw material without any previous heat treatment. Nevertheless, insecticidal activity was not observed; however, the probable negative effect of the presence of glycoalkaloids on reducing the efficiency of substrate utilization and an increasing amount of frass was observed.
Contrary to St-Hilaire et al. (2007) , who proved that it is possible to modify the fat and fatty acid content in insects' bodies, the results of the present study, as well as those of Woods et al. (2019) , have shown that various substrates made from preconsumer organic wastes only partially affect the insect fat composition. The analyses of the fatty profile of the substrate had no impact on BSFL, which is in agreement with Spranghers et al. (2017) and exhibited the lack of relation between the fatty acid content in the vegetable substrates and insects. However, the general composition of BSFL fat changed between treatments. The lauric acid (C12:0) concentration as a dominant fatty acid in BSFL was not influenced by its level in the substrate; however, as Spranghers et al. (2017) mentioned, starch and other sugars may be involved in its synthesis. Moreover, in the current results, the lowest lauric acid value was observed in the wheat bran group as well as in potato group (high amount of starch), in contrast to that observed in BSFL fed with cabbage, where the content of C12:0, as well as of soluble sugars such as glucose, fructose, and sucrose, was higher. In general, the metabolism of insects is not dependent on substrate nutritional value, but the shift from lipogenesis to glycogenesis is related to the development stage, which requires the development of the fat reservoir (Inagaki and Yamashita, 1986 ). However, more data are needed in terms of the effect of increased lauric acid levels. Interestingly, the concentration of MCFAs in the BSFL fat is also not related to vegetable substrates. However, their concentration in the BSFL was high and compara-ble (Z. morio) or increased (T. molitor) in terms of that reported in other insect species considered as novel ingredients in animal diets (Kierończyk et al., 2018 b) . It is well examined that both MCFAs and C12:0 have a significant impact on the microecology in the poultry GIT, as well as reduction of potentially pathogenic bacteria (Nguyen et al., 2018 a; Timbermont et al., 2010; Zeiger et al., 2017) . This positive effect on GIT homeostasis, as well as on intestinal integrity, may cause a change in the status of insect ingredients as a functional feed; however, more data are still needed.
The fat extraction of insect biomass is not well elaborated, and the data are scarce. Most available scientific literature omit this crucial information. Only a few papers emphasized the usage of extraction methods, e.g., a cold-press technique (Li et al. , 2002) . However, it should be emphasized that the abovementioned techniques were used primarily for the removal of fat from the insect meal to concentrate the CP content and to produce biodiesel fuel. Thus, further examination should be conducted in terms of the evaluation of various insect fat extraction methods on the yield and quality of the final product.
To date, only limited data have been published on the scope of BSFL fat inclusion in rat (Mentang et al., 2011 ), rabbit (Dalle Zotte et al., 2018 , fish (Dumas et al., 2018) , and poultry diets (Schiavone et al., 2017) . However, partial (50%) and total replacement of soybean oil by BSFL fat resulted in no negative changes in the growth performance of broiler chickens (Schiavone et al., 2017) . Further investigation by Schiavone et al. (2018) confirmed their previously obtained results. In the present study, a significant FI decrease was observed during the first rearing period (1-14 d) in the insect fat addition treatment, without a negative effect on the FCR. However, only 75% and 100% SO replacement with BSFL fat positively reduced the FCR value. The limitation of feed intake up to 14 d of age cannot be related to a reduced effect on palatability of the used insect fat, as no changes in the FCR value, as well as no negative impact of feed choice, i.e., BSFL fat vs. SO, was observed (Schiavone et al., 2017) . There were no significant differences between treatments over the whole experimental period (1-35 d) . It should be highlighted that the similarity of fat of insects origin, in general, affects the growth performance and nutrient digestibility of commonly used energy sources such as soybean oil, palm oil or poultry fat (Benzertiha et al., 2019; Kierończyk et al., 2018 b) . The obtained growth performance results corroborate the coefficients of apparent ileal digestibility of nutrients measured at 35 d of age. BSFL fat did not alter the EE, CP, or AME N digestibility of broilers in comparison to those of the SO control group.
The results of the measurements of selected GIT segments are also known to reflect the performance and digestibility. It is well known that poultry GIT morphometry reacts dynamically to nutrient availability in feed. The measurements of selected GIT weights and lengths are in agreement with those reported by De Verdal et al. (2010) , where the birds with enhanced digestive efficiency were characterized by reduced GIT segment mass and length. In the scientific literature, there is no information about the negative impact of fats of insect origin on nutrient digestion. Both the partial and total replacement of commonly used energy sources with insect fat caused effectively no alterations or improved the efficiency of CP, CF and AME N digestion in chickens (Benzertiha et al., 2019; Kierończyk et al., 2018 b) .
To conclude, the present study emphasized the possibility to manage, reduce, and efficiently use the resource of organic wastes for BSFL rearing as a sustainable source of nutrients for broiler chickens, according to EU regulations, i.e., Directive no. 2008/98, and no. 94/62/EC. Moreover, the presented results confirmed the high variability of insect nutritive value, which depends strictly on the rearing substrate quality, and that there is a significant effect of medium composition on BSFL performance. However, the BSFL fat extracted from larvae fed with organic preconsumer wastes (according to the circular economy strategy) used for the partial or total replacement of soybean oil in broiler diets may be used without any negative effect on the growth performance, the coefficients of apparent ileal digestibility of nutrients, as well as the GIT and selected internal organs.
The current work confirmed the possibility of eliminating soybean oil from broiler diets by implementing BSFL fat as a novel environmentally friendly raw material that reduces different preconsumer products. Nevertheless, further investigations should be carried out in terms of the effect of BSFL fat on the final product quality, which is crucial for future consumers. references A b d u h M.Y., J a m i l a h M., I s t i a n d a r i P., M a n u r u n g S., M a n u r u n g R. (2017). Bioconversion of rubber seeds to produce protein and oil-rich biomass using black soldier fly larva assisted by microbes. J. Entomol. Zool. Stud., 5: 591-597. 
